S-3 resolution and consisted of 256 co-added spectra. All spectra were normalized to the black C reference. Difference spectra for HA-clay complexes were obtained by subtracting the spectra of analogously treated HA-free clay samples from HA-clay complexes using a subtraction factor of ~1 to match the 3630 cm -1 peaks due to clay structure OH (Smith, 1996) . The heights of peaks of interest were normalized to that of the C−N stretching vibration ( -C−N ) at 2070-2080 cm -1 from KSCN (Davis et al., 1999) , and f oc,HA-clay complex was cacluated using equation S1. Spectra of humic substances lack absorbances in the range of 2070-2080 cm 
Sorption and Desorption Experiments
Sorption experiments with HA-clay complexes were conducted in 0.005 M CaCl 2 (I = 0.015 M) without buffer. For each sorption experiment, pH was measured at the beginning and end of the equilibration period with an Accumet model AP60 pH meter equipped with an Accumet gel-filled pencil-thin pH combination electrode (Fisher Scientific, Pittsburgh, PA). Initial and final pH values for the HA-clay complexes (Table 2) varied by ≤ 0.01 unit. In the pH range of the HA-clay complexes (pH 5.0-6.0), neutral SMZ dominated solution speciation (fraction of SMZ as the neutral species,  0 = 0.97 to >0.99). Unbuffered clay suspensions exhibited pH values between 6.4 and 8.9. To allow more direct comparison with the results from experiments employing HA-clay complexes, we buffered clay suspensions to pH 5.0 with 0.005 M calcium acetate. We previously demonstrated that acetate does not influence SMZ adsorption to the smectites (Gao and Pedersen, 2005) . Examination of SMZ sorption to HA-clay complexes for 14 d demonstrated that apparent sorptive equilibrium was attained within 7 d (Suppl. Figure  4) . We therefore employed a 7-d contact time to investigate SMZ sorption to HA-clay complexes (end-over-end rotation in the dark at 21.6  0.5C). Preliminary experiments using sorbent-free systems demonstrated negligible (<5%) loss of SMZ to centrifuge tube walls and that SMZ was stable at room temperature for ≥ 30 d (evaluated by high performance liquid chromatography with UV detection; Gao and Pedersen, 2005) . Sorbent loss during the experiments (<5%) was not significant (p > 0.05, n = 30, t test).
Sorbed and free SMZ were separated by 15-min centrifugation at 8200g. Centrifugation conditions were sufficient to sediment clay particles with hydrodynamic diameters ≥ 0.5 m.
Dissolved organic carbon concentrations in supernatants from SMZ-free suspensions of HA-clay complexes were < 5 mg C ·L -1 (method detection limit; Dohrmann DC-190 TOC analyzer, TekmarDohrmann, Mason, OH), demonstrating that the solids were effectively sedimented under these centrifugation conditions. After centrifugation, a 0.4-mL aliquot of supernatant was mixed with 15 mL Biosafe II Cocktail (Research Products International Corp., Mount Prospect, IL), and -decay was measured for 20 min with a Packard Tri-Carb 1900 liquid scintillation counter (LSC, Packard Instrument Company, Meriden, CT). The detection limit for the LSC method was 300 dpm. Reference vials containing the same amount of [3, H]-SMZ and unlabeled SMZ and SPY were run with each batch of samples. Control vessels lacking sorbents were processed in parallel. The amount sorbed was calculated by difference. Losses in blanks were insignificant; recoveries were 100 ± 3 %.
Sulfamethazine desorption was investigated for a subset of HA-clay complexes. Preliminary experiments showed that relatively small amounts of SMZ were desorbed from HAclay complexes, precluding multi-step desorption experiments. Thus, single-cycle, decant-refill, desorption experiments (Huang et al., 1998) were conducted following . After conducting sorption experiments, supernatant was removed, and solute-free background solution (0.005 M CaCl 2 ) was added (ratio of replaced volume to total volume was 0.95). We examined the kinetics of SMZ desorption from 1:5 EHA-SWy-2 and 1:5 EHA-SAz-1 complexes over 14 and 21 d, respectively After rotating samples for the selected time period in the dark at room temperature, sorbed and free SMZ were separated by 15-min centrifugation at 8200g. Supernatant was carefully removed with a micropipette and did not result in significant sorbent loss (p > 0.05, n = 21, t test).
We examined SMZ sorption to HA-clay complexes in the presence of the structurally similar compound SPY (cf. Fig. 1 ). These compounds differ only in the structure of their R groups (4,6-dimethylpyrimidine in SMZ, pyridine in SPY). Sulfamethazine and SPY exhibit similar pH-dependencies in their adsorption to smectite clays (Gao and Pedersen, 2005) . In competitive sorption experiments, the initial SMZ concentration was fixed at 3.6 × 10 -6
(1 mg·L ). Other experimental conditions were identical to those in the sorption experiments. All experiments were conducted in triplicate. Controls lacking SPY were run in parallel.
Supplemental Data Analysis

Average Adsorption Domain Size on Smectites
We calculated the average adsorption domain size assuming regularly spaced charges on siloxane surfaces (Herrero et al., 1985 (Herrero et al., , 1989 (Nightingale, 1959) . We calculated adsorption domain size using unit-cell surface (excluding edge surfaces, A cell = 2 × a × b).
Composite Sorption Model
The approximate contributions of exposed smectite surfaces and adsorbed humic acid to overall sorption of sulfamethazine to HA-smectite complexes were estimated by applying a simple, composite model that assumes sorption to exposed minerals surfaces was proportional to the surface area not occupied by adsorbed humic acid and that sorption to adsorbed humic acid was proportional to the mass fraction of organic matter (Karickoff, 1984; Mader et al., 1997; Wang and Xing, 2005) . The specific surface area (m 2 ·kg -1 ) of the HA-smectite complex (A complex ) can be expressed as the sum of the areas of the exposed smectite surface (A clay exposed (complex) ) and that of the adsorbed humic acid (A HA(complex) ):
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A complex = A clay exposed(complex) + A HA(complex) (S4) We calculated A clay exposed(complex) as the difference between A complex (measured by N 2 adsorption; vide supra) and A HA(complex) . As a first approximation, we assumed that A HA(complex) was the same as the specific surface area of solid Elliot soil humic acid (i.e., the specific surface area of the HA was not significantly altered by association with the clay; Wang and Xing, 2005) . This approach may underestimate the smectite surface area not occupied by adsorbed HA, but experimental determination of the exact surface area of the adsorbed humic acid is difficult. Based on this model, the amount of sorbed sulfamethazine, C s , can be expressed as:
where C s,om and C s,clay are the concentrations of SMZ sorbed to the clay-bound humic acid and adsorbed to clay mineral surface; K f,clay and K f,complex are Freundlich coefficients for the clay mineral and HA-clay complex; and n clay and n complex are the Freundlich exponents for clay and the HA-clay complex. The contribution of the mineral surfaces (adjusted to match the pH of HAsmectite suspensions) was subtracted from overall sulfamethazine sorption to isolate the contribution the adsorbed humic acids. Freundlich parameters (K f,om ) and single-point distribution coefficients (K d,om ) for sulfamethazine sorption to adsorbed humic acids were then calculated and used to derive organic-carbon normalized distribution coefficients (K oc ) for the HA-smectite complexes.
SUPPLEMENTAL RESULTS AND DISCUSSION
Microscopic and Spectroscopic Characterization of Humic Acid-Smectite Complexes
Scanning electron microscopy (SEM) indicated that the humic acid on smectite surfaces was distributed in discrete patches rather than forming a uniform coating (Supplemental Fig. 1 ). Similar distributions of organic matter on soils have been deduced from N 2 adsorption measurements (Kaiser and Guggenberg, 2003; Ravikovitch et al., 2005) . We employed FTIR spectroscopy to characterize the humic acid adsorbed to the smectite surfaces. Representative spectra for EHA-SWy-2 and EHA-coated SAz-1 are displayed in Supplemental Figs. 1 and 2. Infrared spectra of HA-clay complexes exhibited broad peaks typical of humic substances.
Adsorption to the smectite clays resulted in fractionation of the humic substances; this was most apparent at the lowest HA-to-clay ratios (Supplemental Table 1 ). Compared to the sample with the highest HA-to-clay ratio, the adsorbed natural organic matter in 1:100 EHASWy-2 appeared to be enriched in moieties absorbing at 1690, 1566, 1393, 1216, and 1057 cm -1 (Supplemental Fig. 1 , Supplemental Table 1 ). Based on previous FTIR investigations of humic substances (Davis et al., 1999; Smith, 1999; Stevenson, 1994) and other references (Coats, 2000; Smith, 1999; Socrates, 2001) , we attributed absorbances at these frequencies to -C=O stretching of aryl and ,-unsaturated carboxylic acids, amides and ketones ( -C=O ) (1690 cm ). As the HA-to-clay ratio increased, normalized peak heights (Supplemental Table 1 ) for vibrations attributable to carboxylic, phenolic and polysaccharide functionalities declined monotonically. These results suggest enrichment in carboxyl-containing humic molecules, polysaccharides and possibly peptides in the adsorbed organic matter at the S-6 lowest surface coverage. Similar, although not identical trends were apparent for the EHA-SAz-1 (Supplemental Table 1 ); insufficient material was available for quantitative FTIR characterization of the EHA-SWa-1 and SHHA-SWy-2. Our FTIR results seem to contrast with those obtained by previous investigators using nuclear magnetic resonance (NMR) spectroscopy. Those studies reported that peptide and carbohydrate signals, when present, were small relative to those produced by methylene and methyl groups (Wang and Xing, 2005; Simpson et al., 2006; Feng et al., 2005) , suggesting that proteins and polysaccharides were minor constituents of the adsorbed natural organic matter. We note, however, that the aforementioned NMR experiments were conducted at organic matter-to-clay ratios of 1:5 or higher. Our results suggest that the relative contribution of molecules with polar moieties declines as the HA-to-clay ratio increases. Wattel-Koekkoek et al. (2001) reported that organic matter extracted from natural complexes with smectites was dominated by aliphatic carbon, but contained polysaccharides, phenols and peptides.
Ultraviolet-visible absorption spectroscopy provided additional evidence for humic acid fractionation upon adsorption to the smectite surfaces. The ratio of absorbance at  = 465 and 665 nm (E 4 /E 6 ) correlates inversely to humic substance aromaticity as assessed by FTIR and NMR spectroscopy (Stevenson, 1994; Davis et al., 1999; Wang and Xing, 2005) . To assess the adsorptive fractionation of aromatic and aliphatic components, we examined E 4 /E 6 for the solutions remaining after forming humic acid-smectite complexes. Relative to the unbound humic acids (E 4 /E 6 = 2.15 for EHA and 2.78 for SHHA), E 4 /E 6 values were lower after the sorption of humic acids to the smectites (Supplemental Table 2 ) indicating that the material remaining in solution was enriched in aromatic components, and therefore suggested preferential sorption of more aliphatic material to the smectite surfaces. While E 4 /E 6 for the highest HA-toclay ratios remained lower than for bulk humic acid solutions, it was substantially higher than those for the 1:100 and 1:50 humic acid-smectite complexes (Supplemental Table 2 ). This suggests a larger contribution of aromatic components at the highest organic matter loading. These results were largely congruent with recent reports of preferential sorption to smectite surfaces of aliphatic components from humic acids, fulvic acids and alkaline soil extracts (Wang and Xing, 2005; Feng et al., 2005; Simpson et al., 2006) .
Sulfamethazine Sorption
Ca
2+ -saturated Smectites
As noted in the main text, K d,clay values for SMZ adsorption to the Ca 2+ -saturated smectites increased in the order SAz-1 < SWa-1 ≤ SWy-2 (Table 1 ).This trend held upon normalizing K d,clay to A ext surf (data not shown). Surface charge density appears to influence SMZ adsorption to smectite surfaces by determining potential adsorption domain size (Gao and Pedersen, 2005) ; higher surface charge density results in smaller potential adsorption domain size. We calculated mean distances between adjacent Ca 2+ ions to be 1.22 nm for SWy-2, 1.00 nm for SAz-1, and 1.78 nm for SWa-1 (vide supra). Sulfamethazine adsorption to the ferruginous smectite SWa-1 departed from the trend expected if adsorption domain size was the sole factor influencing SMZ sorption. The reason for the lower than expected sorption to CaSWa-1 warrants further investigation.
The single-point adsorption coefficients with C w = 3.6 × 10 -6
M for Ca-SWy-2 (18 ± 1 L·kg ; Gao and Pedersen, 2005) . Higher SMZ adsorption to Ca-SWy-2 relative to Na-SWy-2 was previously noted, a finding consistent with the possible contribution of water or cation bridging to SMZ adsorption to the siloxane surface (Gao and Pedersen, 2005) .
Humic Acid-Smectite Complexes
Single-point sorption coefficients calculated with C w = 3.6 × 10 -9 M (1 g·L -1 ) were generally larger for HA-smectite complexes (11.1-40.8 L·kg -1 ) than those reported for whole soils over a similar pH range (2.8-13 L·kg -1 , pH 5.3-5.7; Kurwadkar et al., 2007) . This difference may be partially attributable to the coarser texture (i.e., lower specific surface area) of the whole soils. In contrast to the pronounced nonlinearity reported for SMZ sorption to whole soils over this pH range (n soil = 0.66-0.84; Kurwadkar et al., 2007) , sorption isotherms in the present study were more linear (n complex = 0.89-0.98).
Sulfamethazine Desorption from HA-Smectite Complexes
We examined SMZ desorption from 1:5 EHA-SWy-2 and 1:5 EHA-SAz-1 complexes as a function of time. Rapidly reversible desorption appeared complete after 3 d (Suppl. Fig. 5 ). The extent of SMZ desorption from HA-clay complexes did not differ for 3-, 8-, 14-and 21-d desorption periods (Suppl. Fig. 5 , p > 0.05, ANCOVA). The possibility of slow desorption occurring after 21 d was not examined. We therefore qualify our designation for the equilibrium state with respect to desorption as apparent (i.e., apparent desorption equilibrium). The short time to attain apparent desorption equilibrium relative to the sorption period was unexpected. Dissolved organic carbon concentrations in the supernatant (vide supra) were insufficient to account for the sorption-desorption hysteresis. Solution pH values were stable between the sorption and desorption phases of the experiments; therefore, changes in proton activity do not explain the observed hysteretic behavior.
The excess sorbed ratios () of 1:5 EHA-SWy-2 and EHA-SAz-1 were 3.6 ± 0.6 and 5.0 ± 0.3 indicating that a large fraction (>60%) of sorbed SMZ did not readily desorb from clay surface and sorbed humic acid under the experimental conditions. The  values obtained were independent of sorbate concentration (Suppl. Table 3 ). The  values obtained from 2-, 7-, and 14-d desorption experiments with 1:5 EHA-SWy-2 did not differ (p > 0.05, ANCOVA); the same was true for the 3-, 8-, 14-and 21-d desorption experiments for 1:5 EHA-SAz-1 (Suppl. Table 3) .
We assessed the contribution of adsorbed HAs to SMZ sorption-desorption hysteresis by subtracting the contribution of the smectite surfaces in a manner similar to that take above for sorption. Sulfamethazine adsorption to smectite surfaces occurs rapidly (30 min; Gao and Pedersen, 2005) . If we use data from 3-d desorption experiments for the smectites (noting that desorption from HA-smectite complexes was complete within this time), we can calculate  values of 6 ± 2 for both SWy-2 and SAz-1. Assuming the amounts desorbed from the smectites would be equivalent at the end of 3-or 14-d desorption periods for EHA-smectite complexes (Suppl. Fig. 5 ), this analysis produces  om values of 8.3 ± 0.1 and 6 ± 2 for SMZ after desorption from EHA adsorbed to SWy-2 and SAz-1, respectively. Compositional differences in the adsorbed HAs are presumably responsible for the difference in  om values. Elliot HA adsorbed to SWy-2 at the 1:5 HA-to-smectite ratio appeared richer in carboxyl and possibly phenol moieties (Suppl. Table 1 ) and was more aromatic (Suppl. Table 2 ).
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This analysis suggests that both the smectite surface and the adsorbed HAs contributed to SMZ sorption-desorption hysteresis and that hysteresis in SMZ sorption to the HAs was equal to or larger than for adsorption to the smectites. The sorption of hysteresis observed for SWy-2 and SAz-1 may reflect partial intercalation of SMZ into smectite interlayer spaces (Gao and Pedersen, 2005) or retention within micropores in smectite tactoids (Hundal et al, 2001 ). Cooperative alteration of organic sorbent structure to accommodate SMZ molecules along with formation of multiple hydrogen bonds with complementary moieties in NOM may have contributed to the observed hysteresis. Irreversible deformation of nanopores within the NOM matrix can enhance sorbent affinity for nonpolar organic compounds (e.g., Tvardovski et al., 1997) . Isotope exchange techniques could be used to advantage in investigating this potential mechanism. Apparent hysteretic behavior can result from non-attainment of diffusive equilibrium. Although sorption appeared complete by 7 d in our system (Suppl. Fig. 5 ), we cannot exclude the possibility of very slow sorption over multiple weeks to months. [Note added at copyedit stage: The strong binding of cationic sulfonamide molecules with carboxylate moieties in adsorbed humic acid likely contributed significantly to the apparent sorption-desorption hysteresis (Richter et al., 2009 ).] Irreversible sorption of sulfonamides may be due in part to covalent coupling with quinone-like structures in NOM (Bialk et al., 2005; Bialk et al., 2007; Bialk and Pedersen, 2008) . To date, such covalent coupling has been demonstrated only in the presence of oxidoreductive enzymes which are not expected to be present in the systems investigated here. Evidence for covalent coupling could be obtained via NMR experiments using stable isotope-labeled SMZ.
Competitive Sorption to Smectites
Sulfonamides often occur in the environment as mixtures (Kolpin et al., 2002; Karthikeyan and Meyer, 2006) and may therefore compete for specific sorption sites in soils. Sulfamethazine and SPY exhibit similar affinities for Na-SWy-2 (at pH 5 and C w = 3.6 × 10 ; Gao and Pedersen, 2005) . We therefore examined the potential for SMZ and SPY to compete for sorption sites on the smectites and HA-smectite complexes. For each sorbent, sorption of 3.6 × 10 ). Solubility limitations precluded examination of higher SPY concentrations. Competition by SPY with SMZ for sorption sites would manifest itself in diminution of K d values for sulfamethazine in the presence of sulfapyridine. Over the concentration range employed, we obtained no evidence of SPY competition for SMZ sorption sites on the uncoated smectites (Suppl. Fig. 6 ). This result was consistent with the linearity of the isotherms for SMZ adsorption to the smectites ( Table 1 ), indicating that sorption site availability is not limiting over the concentration range examined (3.6 × 10 -10 to 3.6 × 10 -4 M). Neutral SMZ and SPY are expected to adsorb to smectite surfaces via similar mechanisms: predominately hydrophobic interactions with possible contributions from cation or water bridging (Gao and Pedersen, 2005) . We previously showed that adsorption domain size was an important determinant of sulfonamide sorption to smectite surfaces (Gao and Pedersen, 2005) . In these experiments, the number of available sorption domains would define the maximum adsorption capacity. For SWy-2, SAz-1 and SWa-1, sorption domain densities calculated from mean distances between Ca for SWy-2, SAz-1, and SWa-1. Therefore, not all sorption domains in uncoated smectites would be occupied at the SMZ and SPY concentrations employed (Suppl. Fig. 6 ).
Competitive sorption was evident only at sulfonamide concentrations that were high or exceeded those expected for soils (Aust et al., 2008; Hamscher et al., 2005; Höper et al., 2002; Stoob et al., 2006) and only for HA-smectite complexes. Co-equilibration of SMZ and SPY with HA-clay complexes produced small, but statistically significant decreases in K d for sulfamethazine sorption to 1:5 HA-smectite complexes when SPY was in a ~10× to ~100× molar excess (Suppl. Fig. 7 ). This indicates that SPY competes with SMZ for sorption sites to only a small extent and likely reflects the presence of multiple types of sulfonamide sorption domains (also reflected in the modest nonlinearity of the sorption isotherms for the 1:5 HA-smectite complexes, cf. Table 2 ). The composition of the humic acid adsorbed to smectites at the 1:5 HAto-clay ratio differed from that adsorbed at lower ratios in being more aromatic and containing a lower density of carboxyl groups. A small degree of competition between SPY and SMZ was also evident for some of the 1:50 and 1:100 HA-smectite complexes, but only at the highest SPY concentration used (100 mg L -1 , 1000× molar excess). These data suggest that competitive sorption to soils among sulfonamides is of little importance under current livestock dosing schedules and manure application rates. 
